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ABSTRACT 
 
An arteriovenous malformation (AVM) is an abnormal collection of blood 
vessels in which arterial blood flows directly into the draining vein without the 
normal interposed capillaries. It is an important and growing public healthcare 
problem affecting millions of Americans and many more people internationally. 
There are several potential treatment options for the AVM, and the best 
treatment depends on the maximum length of nidus based on the Spetzler-
Martin grading system. However, this grading system is insensitive to volume, 
because it was designed on the basis of two dimensional digital subtraction 
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angiography images. Here, we report a method using computed tomographic 
angiography to measure the volume of AVM nidus, as a means for noninvasively 
assessment. The initial results show statistically significant differences between 
healthy and AVM subject groups in the direct comparisons of the volume (cm3) 
through the method we suggested (2.456 ± 1.482, 12.478 ± 5.743 and 53.963 ± 9.338 
(mean ± stdev.); Normal (No AVM), Small (< 3cm), Medium (3 ~ 6 cm) 
respectively; P < 0.005 for all), and they also show the exponential correlation 
between the AVM volume and the maximum length of a nidus (trend-line: y = 
4.4183e0.536x with R2 = 0.945). These results provide more accurate volumetric 
information. Therefore, this noninvasive imaging-based method is a promising 
means to measure the volume of AVM using clinically available imaging tools. 
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Background 
 
Computed Tomographic Angiography (CTA)  
 
Computed tomography is widely used medical imaging modality. CT 
scan is a noninvasive diagnostic test that uses x-rays and a computer to create 
axial tomographic images of our body. CT is based on the principles of x-ray 
transmissions. The x-ray beam that generated by an x-ray tube passes thought 
the body and detected on the other side. As the x-ray beam travels through the 
body, some are either scattered or absorbed. The loss of photon is called the 
attenuation. The basic equation for attenuation of a mono energetic beam 
through a homogeneous material follows the Lambert-Beer Law: 
I =I0 *Exp(-μx) 
 
Where, I is the intensity of x-ray transmitted through an attenuating 
material of thickness x, I0 is the initial x-ray intensity and µ is the linear 
attenuation coefficient for the material being scanned (units: cm-1). 
 2 
If the scan object is composed of a number of different materials, the 
equation follows: 
I =I0 *Exp(Σi(-μi xi)) 
 
Where, each increment i reflects a single material with attenuation 
coefficient µi over a linear extent xi.  
The linear attenuation coefficient (µ) describes the fraction of a beam of x-
rays that is absorbed or scattered per unit thickness of the absorber. This value 
shows the number of atoms in a unit cm3 volume of material and the probability 
of a photon being attenuated from the nucleus or an electron of one of these 
atoms. The linear attenuation coefficient is dependent upon the type of material 
and the energy of the radiation. For example, the linear attenuation coefficients 
for air, bone, muscle and blood are (1)  
μair  = 0,  μwater  = 0.2 cm-1, μblood  = 0.209 cm-1, μmuscle  = 0.21 cm-1,  μbone  = 0.40 cm-1   
 
The gray levels in a CT slice image correspond to X-ray attenuation, which 
reflects the proportion of X-rays scattered or absorbed as they pass through each 
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voxel. X-ray attenuation is primarily a function of X-ray energy and the density 
and composition of the material being imaged.  
In a modern CT system an x-ray emitter and a one dimensional (1D) 
detector band is rotated 360 degrees with the target in the middle. The detector 
band records how much the target attenuates the x-rays at different angles. A 
series of these snapshot recordings are saved at regular intervals. The series of 
1D bands are used to reconstruct the two dimensional (2D) plane that intersects a 
projection of each bands. This 1D series of band is called as sinogram. The 
formation of sinograms using projections is referred to in mathematics as the 
Radon transform. The Radon transform plays an important role in computed 
tomography since it describes how the raw data are collected. As the x-ray tube 
rotates around the gantry, the detectors opposite measure the x-ray projections 
through the object, producing a sinogram, which is effectively the Radon 
transform of the image. 
There are a number of methods by which the X-ray attenuation data can 
be converted into an image. The most frequent approach is called filtered 
backprojection in which the linear data acquired at each angular orientation are 
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convolved with a specially designed filter and then backprojected across a pixel 
field at the same angle.  
 
The Hounsfield unit(2) is a linear transformation of the linear attenuation 
coefficient measurement into one in which the radio density of distilled water at 
standard pressure and temperature (STP) is defined as zero HU, while the radio 
density of air at STP is defined as -1000 HU and bone as +1000 HU. The dense 
bones have a maximum density of +3000 HU. For a material X with linear 
attenuation coefficient μX, the HU value is given by: 
HU = (μX – μwater)/ μwater * 1000  
 
Where, the μwater is the linear attenuation coefficients of water (2,3) The 
following tables shows the HU of major substance of human body.(3) 
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Substance HU 
Air −1000 
Lung −500 
Fat −84 
Water 0 
CSF +15 
Blood +30 to +45 
Muscle +50 
Soft Tissue +30 to +150 
Bone +700(cancellous bone) to +3000 (dense bone) 
Table 1 the HU of major substances of human body 
 
At 120 kV, adipose tissues typically range between -80 HU and -30 HU, 
most organs’ parenchyma runs around between 30 HU and 150 HU.  
Computed tomographic angiography, also known as CTA, is a technique 
that combines the technology of a conventional computed tomographic scan with 
that of traditional angiography to visualize detailed images of the blood vessels 
in our body. In a CT scan, X-ray and computer generate axial plane images. 
Angiography involves the injection of contrast material into the blood vessel to 
help visualize the blood flow and vessels. CTA has gained widespread clinical 
use as an in-vivo method providing an accurate diagnostic assessment of 
vascular structure and pathophysiology. 
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Contrast agent in CT Angiography 
 
On the CT images, blood located approximately 40 HU and iodinated 
contrast blood has much higher value than normal value. Because iodine contrast 
has very high HU value, after injecting into blood, the iodinated blood has 
increased HU. However, the HU values of adipose and soft tissue will slightly 
shift with different tube voltages due to energy dependent attenuation. This shift 
phenomenon is remarkable for bone and iodine contrast. At 120 kVp, an increase 
in iodine concentration by 1 mg of iodine per milliliter yielded an approximately 
26 HU proportional increase in contrast enhancement. (4) At a lower voltage, 
however, this proportionality increases and results in stronger contrast 
enhancement per iodine concentration. The relationship between contrast 
enhancement and iodine concentration will also vary among scanners but is 
typically in the range of 25–30 HU per milligram of iodine per milliliter at 100 to 
120 kVp. Therefore, concentration of injected iodine contrast is very important on 
the CTA. 
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Arteriovenous malformation Definition 
 
A cerebral arteriovenous malformation (AVM) is an abnormal connection 
between arteries and veins in a brain. An AVM is typically congenital and 
developmental condition consisting of direct arteriovenous shunt without a 
normal capillary bed.  
 
 
Epidemiology 
 
AVMs are congenital vascular malformations that have an estimated 
annual detection rate of 1.1 to 1.3 per100,000 person (5) and carry a 5% annual 
risk of bleeding caused by rupture (6), accounting for 2% of all hemorrhagic 
strokes. (7) Patients may present with intracranial bleeding or neurologic 
symptoms such as headaches and/or seizures, or they may have no symptoms 
with incidental detection of the AVM. 
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Pathophysiology 
 
AVMs produce neurological dysfunction through 3 main mechanisms.(8) 
First, hemorrhage may occur in the subarachnoid space, the intra-ventricular 
space or, most commonly, the brain parenchyma. Second, in the absence of 
hemorrhage, seizures may occur as a consequence of AVM: approximately 15-
40% of patients present with seizure disorder. Finally, but rarely, a progressive 
neurological deficit may occur in 6-12% of patients over a few months to several 
years. These slowly progressive neurological deficits are thought to relate to 
siphoning of blood flow away from adjacent brain tissue (the "steal 
phenomenon"), a concept that has been recently challenged. Neurological deficits 
may be explained alternatively by the mass effect of an enlarging AVM or 
venous hypertension in the draining veins.  
 
AVM management  
 
Until now, several studies have proposed different grading system to 
assess the patient's risk of neurological deficit after treatment. These grading 
systems are based on the factors to characterize AVMs include size, location and 
so on.   
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Among the grading systems previously proposed, the Drakes(9) and the 
Spetzler-Martin(10) are representative. The Drake’s system proposed in 1979 
divided the AMM into three different size; small, moderate and large. The small 
is up to 2.5cm, moderate is from 2.5 to 5cm and large is larger than 5cm. this size 
is based on the maximum dimension of a nidus.  Another grading system is the 
Spetzler-Martin grading system that was proposed in 1986 by Spetzler-Martin. 
This classification is based on the nidus size, venous drainage, and eloquence of 
the adjacent brain region. In this system, they also used the longest dimension of 
the nidus for size. Unlike the Drake system, they scored 1 point for small (less 
than 3cm), 2 points for medium (from 3cm to 6cm) and 3 points for large (more 
than 6cm). 
 
This Spetzler-Martin grading system is more widely accepted as an 
accurate way to predict outcomes of patients after treatments than the Mark 
system. This scale has proved to be of high clinical relevance because of its 
predictive value for surgical resectability and clinical outcome after resection by 
many studies.(11,12)  On the other hand, some studies have shown the 
discrepancies between the Spetzler-Martin grading system and the surgical 
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outcomes. Unfortunately, this grading system does not seem to have a strong 
correlation with successful treatment.(13,14) The limitation of the Spetzler-Martin 
grading system is insensitive to the factor of the volume because this scoring 
system is suggested based on the two dimensional DSA images.  
 
In this particular proposal variability of size becomes even more 
significant. For example, two different AVMs 3.1cm and 5.9cm will have same 
size score by the Spetzler-Martin grade. However, if we assume AVMs to be a 
sphere,(15) the volume would be approximately 16cm3 and 107cm3. It is a six 
times difference. This assumption also did not consider the space inside an AVM. 
Therefore, it is hard to say that this volume is accurate.   
 
Once identified, AVM may be suitable for treatment options. The 
treatment for an AVM may involve surgical resection, endovascular 
embolization, radiosurgery, or a combination of therapies (16). The goal of 
treatment is obliteration of the AVM. AVM management depends on the risk of 
subsequent hemorrhage, which determined by the anatomical, historical and 
morphological features the individual patient.  
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Intracranial Volume and components 
 
The cranium is a fixed volume and cranial volume depends on the gender, age 
and race. From among these factors, the gender is the most important to 
determine a cranial volume (17). According to Reite et al, male have a 
significantly large volume than female (approximately male: 1354 ± 111 cm3 / 
female:  1215 ± 105.602). There are three major intracranial components.  Brain 
tissue represents 80% to 85% of the intracranial volume and is composed of a 
cellular component that includes the neurons and glia, and an extracellular 
component consisting of the interstitial fluid. The CSF volume accounts for 7% to 
10% of the intracranial volume. The cerebral blood volume accounts for 5% to 8% 
of the intracranial volume and includes the blood in the vascular space. (18) 
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Introduction 
 
Intracranial AVMs are lesions comprised of an abnormal collection of 
arteries and veins. These lesions can present with hemorrhage and other 
neurological symptoms. Attempts to prevent these complications have led to 
advances in diagnostic imaging techniques and treatment strategies. The 
treatment goal is to substantially reduce the size or remove altogether the 
abnormal collection of vessels using embolization material, radiosurgery 
techniques, or surgical excision. Often a multimodal approach to treatment of 
these lesions is required.  
 
Success in treating AVMs is variable and depends on the lesion size, 
location and pattern of vascular supply and drainage. The proper clinical 
management and treatment of AVMs depends on both initial and follow-up 
imaging evaluations. Currently, digital subtraction angiography (DSA) remains 
the gold standard to diagnose and follow AVMs, but is a relatively invasive 
procedure. Prior studies have utilized both CTA and magnetic resonance 
angiography (MRA) techniques to delineate AVM vascular architecture and 
nidus dimensions(19), and these studies used MR images and the iso-line best fit 
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method to measure a volume of AVM during a radiosurgery dose planning.(20-
23) Other several studies used CTA and 3D volume rendering to visualize 
cerebral vascular structures like an aneurysm.(24,25)  To our knowledge, no prior 
studies have utilized 3D volume rendering techniques to calculate the volume of 
AVM nidus directly with CT angiogram images. 
 
We postulate that utilizing CTA imaging can lead to accurate AVM 
volumetry. These results could be used to optimize pre-treatment and post-
treatment characterization of AVMs and potentially guide treatment and 
management of AVMs. In this study, we propose a novel technique to calculate 
the volume of AVMs, and we could measure the volume of AVM more 
accurately by this method.  
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Methods 
 
Subjects and CTA protocol 
 
This study is a retrospective IRB approved and HIPAA compliant study 
and informed consent was waived. CTA imaging was performed on 18 subjects: 
7 non-AVM subjects (age; 59 ± 19 years old (mean ± stdev.), 3 males, 4 females) 
and 11 patients with AVM (age; 40 ± 17 years old (mean ± stdev.), 6 males, 5 
females) diagnosed with DSA by radiologists. 
 
Image Acquisition Techniques 
 
CTA using 64-multidetectors CT scanners (GE, Wisconsin, US) with 120 
kVp, auto mA (max. 600mA) after injecting 120 to 150 mL of iopamidol (Isovue-
370; Bracco Diagnostics, Plainsboro, NJ, USA). The slice thickness is 0.625 mm 
and in-plane pixel spacing is from 0.400 to 0.589 mm. The image matrix size is 
512 x 512. Over five hundred images were acquired from neck to head without 
gap between slices. The CT image data sets were transferred by the DICOM 
(Digital Imaging and Communications in Medicine) format to our image-
processing lab for post image processing. 
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Image Analysis 
 
1) Image analysis tool 
 
In this study, all image-processing algorithms were developed in our 
image-processing laboratory using Mathcad (2001i version, PTC, Needham, 
MA). First, we have differentiated the intracranial structure from the skull by 
Hounsfield Unit. All CT images have common HU scale. Therefore, we do not 
need to normalize for analysis. This advantage provides fast image processing.   
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Figure 1 Image Processing Chain 
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2) Image loading 
 
We transformed the image format from DICOM to tiff (Tagged Image File 
Format). Our tiff images are 16 bits and 512 kilobytes image. Matrix size is 512 x 
512. The field of view (FOV) is from 220 mm to 272 mm and its corresponding 
pixel spacing is from 0.43 mm to 0.53 mm. Target for image processing was the 
slices from the bottom of cerebellum to the top of cerebrum. The slice-thickness 
of images was all 0.625mm. 
3) Brain Segmentation 
 
Image segmentation is the process of dividing an image into regions or 
objects. It is the first step in the image analysis for our project. From this process, 
we could differentiate the brain parenchyma from the skull. The basic idea of 
image segmentation is to group individual voxels together into regions if they 
are similar. Similar can mean they are the similar intensity or HU from an image. 
There are many techniques available for image segmentation, and they vary in 
complexity, power, and area of application. 
An anatomic segmentation was performed using a dual-space clustering 
algorithm that was developed at our image-processing laboratory.(26,27) This 
dual-space clustering algorithm runs by collecting the data from each voxel to 
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determine whether this data is located within a user pre-defined range of target 
component.  There are three adjustable parameters that allow tailoring the dual 
space clustering segmentation. The first parameter is the number of standard 
deviations relative the mean HU of the brain. The second adjustable parameter is 
the nominal cluster size in the anatomical space. The Third is the percentage 
acceptance cluster size in the anatomical space. The parameters used for the 
segmentation process – range of  HU values of brain soft tissues, nominal cluster 
size, and percentage acceptable cluster size – were 950HU to 1100HU, an 
anatomic space cluster size of 7 x 7 pixels, and a 87.5% cluster acceptance 
fraction, respectively. By these input values, the dual space clustering algorithm 
judges whether collected data is located within the range of user pre-defined 
parameters and clusters similar voxels on the geometric space. By this 
segmentation algorithm, we could segment a brain parenchyma including blood 
and cerebrospinal fluid (CSF) from the skull. This segmented structure is three-
dimensional data set came from one pre-defined segmenting parameter set by 
users. The segmenting parameter is a subject independent value and we can 
apply this value into all subjects.  
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4) Histogram based Segmentation 
 
Histogram-based image segmentation is one of the simplest and most 
often used segmentation techniques.(28) It uses the histogram to select the gray 
levels for grouping pixels into regions. Histogram-based segmentation depends 
on the histogram of the image. Therefore, you must prepare the image and its 
histogram before analyzing it. Histogram is a graphical plot to summarize and 
display the distribution and variation of a process data set.  
A frequency distribution shows how often each different value in a set of 
data occurs. The main purpose of a histogram is to clarify the presentation of 
data. To construct the histogram, bins are plotted on the x-axis and their 
frequencies on the y-axis. Histogram graph is showing the number of pixels in an 
image at each different intensity value found in that image. The histogram shows 
us how the contrast range of our image is currently distributed between HUs. 
In an image, there are two entities: the background part and the object part. The 
object part is the target area we want to segment and the other part is a 
background part.  
Histogram-based approaches can also be quickly adapted to occur over 
multiple slices, while maintaining their single pass efficiency. The histogram-
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based segmentation can be done in multiple fashions when multiple slices are 
considered. The same approach that is taken with one slice can be applied to 
multiple, and after the results are merged, we can get a three dimensional 
segmented image. 
 
To differentiate the object part from the background, we need to set two 
threshold values at the starting and the ending point of the HU of the object. The 
user needs to inspect an image and its histogram manually. Trial and error come 
into play and the result is as good as we want it to be. From these two thresholds 
defined by user, the algorithm makes an object only image excluded the 
background part. For the successful segmentation, the object and the background 
have to be located in independent gray scale value. If they share a common gray 
scale value, it will increase the chance of error.  
The Segmented brain parenchyma image from previous dual-clustering 
algorithm includes soft tissue, CSF and contrast blood. Our target is blood and its 
HU is located from 1200 to 1500 depends on the concentration of contrast agent 
and a size of blood vessel because it is enhanced by iodine contrast agent. In this 
histogram based segmentation step, contrast enhanced blood only images are 
generated for next step.   
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Figure 2 Histogram of images at each stage 
 
5) Volumetric analysis 
 
In the final step, the AVM volumes were calculated by multiplying the 
number of pixels by the corresponding voxel volume.  
  
AVM   Volume  =  Number of segmented voxels * (Pixel spacing)2  *  Slice Thickness 
                =  Number of segmented voxels * volume of voxel 
0
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We considered two different methods to get the AVM volume: Cylinder mask 
method and Inter-hemisphere volume comparing method (IVCM). 
 
a) Cylinder Mask 
 
This cylinder mask method is covering a cylinder shape three-dimensional 
mask on the nidus of AVM.  This mask drawn by user manually to fit as 
tight as it can and cover whole lesion. The diameter of upper side of the 
cylinder corresponds to the size of AVM considered by the Spetzler-
Martin grading system.  
 
 
Figure 3 Diagram of the cylinder mask method.  
http://www.brainandspine.org.uk/arteriovenous-malformations-avm 
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b) Inter-hemisphere volume comparing method 
 
In this study, we propose a novel technique to measure a volume of 
AVM.  It is named inter-hemisphere volume comparing method that 
compares the difference of volume of blood between two hemispheres by 
subtracting the blood volume of one hemisphere from the other 
hemisphere. In general cerebral blood vessels form a very symmetric 
structure and both hemispheres have a similar amount of blood. As an 
AVM is an extra structure transformed from capillary bed, the rest of 
structure of blood vessel is still very symmetric. Therefore, we can 
calculate nearly the same volume of AVM nidus by this method. To 
success this method we need several assumptions 
 
- Each hemisphere has same amount of blood. 
- A single AVM exists in only one side of hemispheres. 
- A patient does not has any other lesion can affect blood vessel 
structures except AVM. 
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Figure 4 Diagram of the inter hemisphere volume comparing method 
 
Previous studies (29-31) show that the human brain is almost 
symmetric. The mid-sagittal plane splits the brain down the middle the 
two sides, and they are roughly equal in size. Their blood vessel structure 
and volume are also nearly equal. (32) To prove a reliability of this 
method, we included seven normal subject data sets. These normal 
subjects do not have any lesion that can change the structure of blood 
vessel inside hemispheres. This method runs covering the whole brain 
from bottom of the cerebellum to top of the cerebrum. However, this 
method does not consider the middle part of both hemispheres including 
the basilar artery, anterior artery, posterior artery and so on, because these 
middle parts are very hard to divide into two both quantitatively and 
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structurally. To compare the volume of blood between two hemispheres, 
we used rectangular masks each mask covers each side of hemispheres. 
These masks contains from inner side edge to outer side edge horizontally, 
and from bottom to top edge of the brain vertically.  The AVM volume 
was measured by subtracting the volume of blood of non-existing 
hemisphere of AVM from existing hemisphere.  
 
6) Statistical Analysis 
 
The AVM volumes determined in each subject by using the cylinder mask 
method and the inter-hemisphere volume comparing method were plotted on 
scatterplots of both linear and semi logarithmic plane with scatterplots, and 
performed a simple linear regression. The equation of trend line and r2 value 
were calculated by Excel (2013 Version, Microsoft, Redmond, WA) 
Measured values were also compared between normal and AVM groups 
(Small and medium size groups based on the Spetzler-Martin grading system) 
with Student’s t-test, using 5% limit of significance. Data are expressed as mean ± 
standard deviation.   
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Results 
 
CTA and our image analysis algorithms provide superior visualization of 
the AVM nidus. A summary of results for 18 subjects are tabulated in Table 2. 
The first column, brain volume, is a volume of brain parenchyma by the dual-
space clustering segmentation. It contains soft tissues of brain, contrast enhanced 
blood and CSF inside ventricles. The mean volume of segmented brain 
parenchyma was 1268 ml ± 135.7 (mean ± stdev. / range 1108 - 1525 ml). These 
brain volumes are different depends on gender. Male has 1373 ml ± 114.4 (range 
1216 - 1525 ml), and female has 1164 ml ± 38.2 (range 1108 - 1229 ml). The next 
column, blood volume, shows an intracranial blood volume, and the next 
blood/brain means the intracranial brain volume to brain parenchyma volume 
ratio. In our subjects, normal group has 0.1323 ± 0.0129 (range 0.112 – 0.151), and 
patient group has 0.1525 ± 0.027 (range 0.119 – 0.195). The next two columns are 
the blood volume inside the left and right side of hemisphere. The IVCM column 
is the volume of AVM from the inter-hemisphere volume comparing method we 
suggested in this study, and it shows the mean value of 2.456 ml ± 1.482 (range 
0.69 – 4.22 ml) in normal group, and 27.564 ml ± 22.001 (5.22 – 66.92 ml) in patient 
group. The next ICVM/Blood means the ratio of the AVM volume by ICVM and 
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the intracranial brain volume, and normal group has 0.015 ± 0.008 (range 0.004 – 
0.0227), and patient group has 0.119 ± 0.078 (range 0.030 – 0.238). This ratio was 
significantly smaller in normal group. The Mask column indicates volumes from 
cylinder mask method, and shows 30.77 ml ± 23.340 (6.36 – 71.87 ml) in patient 
group. The final column, size, is a size of AVM which measured by the 
maximum length of an AVM nidus, and this value is equal to the diameter of 
cylinder mask we used at previous step. Patient group has AVMs of 2.806 cm ± 
1.589 (0.79 – 5.63 cm). 
 
 
Table 2   Summary of results for all subjects 
 
 
 
No. G Y Brain Blood Bl/Br Left Right IVCM IVCM/Bl Cylinder AVM Size
pS006 f 36 1229 185.47 15.09% 73.09 74.58 1.49 0.80%
pS010 m 68 1477.57 196.64 13.31% 81.85 77.63 4.22 2.15%
pS011 m 86 1294 173.92 13.44% 75.45 79.41 3.96 2.28%
pS012 m 65 1248.69 169.1 13.54% 66.44 62.62 3.82 2.26%
pS013 f 75 1179 160.35 13.60% 63.17 62.48 0.69 0.43%
pS014 f 42 1194 146.9 12.30% 54.67 55.97 1.3 0.88%
pS015 f 42 1165 131.07 11.25% 47.71 46 1.71 1.30%
pS001 f 46 1168 148.03 12.67% 57.38 64.65 7.27 4.91% 9.53 1.26
pS002 f 61 1113 155.49 13.97% 57.88 47.47 10.41 6.69% 14.58 1.71
pS004 f 21 1178 229 19.44% 121.11 66.61 54.5 23.80% 61.41 4.95
pS005 m 33 1371 252 18.38% 104.43 120.81 16.38 6.50% 17.12 2.24
pS007 m 26 1293 252.43 19.52% 126.89 79.26 47.63 18.87% 48.27 3.75
pS009 f 50 1142.5 197.61 17.30% 84.22 62.2 22.02 11.14% 23.78 2.68
pS016 m 66 1478.36 244.71 16.55% 78.61 125.36 46.75 19.10% 53.73 4.178
pS017 m 28 1216.35 205.13 16.86% 85.02 70.03 14.99 7.31% 16.11 2.01
pS018 m 60 1455.99 173.06 11.89% 59.86 54.64 5.22 3.02% 6.36 0.79
pS019 f 36 1108.79 180.23 16.25% 65.51 76.57 11.06 6.14% 15.71 1.672
pS020 m 18 1525.05 290.29 19.03% 88.99 155.96 66.97 23.07% 71.87 5.63
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Figure 5 shows a correlation between the AVM volume and size by 
regression analysis. X-axis is a size of AVM, and Y-axis is a volume of AVM. The 
fitted trend line (curve) represents an exponential correlation between size and 
volume. The curve follows equation y = 5.7698e0.4957x with R2 = 0.9505 by the 
cylinder mask method, and by the IVCM. For all areas, the AVM volume by the 
cylinder mask method is larger than volume by IVCM.  
 Figure 6 is a boxplot showing volumes of AVM nidus from the IVCM 
between groups. These groups are divided by the Spetzler-Martin grade system. 
The first normal group is a normal subject. Because they do not have an AVM 
nidus, the result is a mean volume difference between both hemispheres. Next 
small group is a size up to 3cm, and medium group is from 3cm to 6cm. Volumes 
are  2.456 ± 1.482, 12.478 ± 5.743 and 53.963 ± 9.338; Normal, Small, Medium 
respectively; P < 0.005 for all. 
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Figure 5  Scatter plot showing a correlation between AVM volume and size. (Square 
dots are volume from cylinder mask method and circle dots are the inter hemisphere 
volume comparing method) 
 
 
 
 
grade point 1 grade point 2 
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Figure 6  Boxplot of AVM volumes for subject groups (Normal: no AVM nidus / 
Small: 0~3cm / Medium: 3~6cm) Based on Spetzel Martin grade. P < 0.005 for all 
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Discussion 
 
As I mentioned in the beginning, the estimation of the volume of AVM 
nidus is very important to plan for successful treatment. However, currently 
widely accepted way for AVM size estimation does not guarantee a precious size 
information because this system is based on the two dimensional imaging 
modalities. This study demonstrated a new noninvasive method to assess an 
AVM volume, using CT angiography and the inter-hemisphere volume 
comparing method to measure a volume AVM. Although other studies tried to 
measure a volume of AVM with MR images on the assumption that the shape of 
AVM is an ellipsoid or sphere, (15,33) this assumption is still doubtful. 
According to the images of our subjects, it is very hard to say that AVM has a 
formulaic shape. Our suggested Inter-hemisphere volume comparing method is 
superior in terms of measuring the actual volume of AVM. 
 In the histogram based segmentation step, we need two user defined 
threshold values to differentiate contrast -enhanced blood from soft tissue in the 
brain. By the way, choosing these two threshold values is very important because 
the volume of blood significantly varies according to these two values. If this 
threshold is set at too low point, segmentation will fail. On the other hand, if it is 
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set at too high point, important part will be omitted. Fortunately, our inter-
hemisphere volume comparing method is insensitive to the location of threshold 
on the histogram. Because, in the process of subtracting each other, the rest part 
except an AVM nidus will be canceled out each other. Therefore, if the range of 
thresholds covers AVM part sufficiently, we can get the exact volume of AVM 
nidus without a foregoing problem.  
When we compare the results between the cylinder mask method and the 
IVCM, we found that the volume obtained from the cylinder mask method is 
larger than the IVCM for all subjects. This difference seems to come from the 
volume of feeding artery and draining vein. AVMs are commonly interlaced 
with feeding arteries and draining veins. Once these structures come under the 
cylinder mask, the cylinder mask method is very hard to differentiate theses 
structure form an AVM nidus. Therefore, the volume from the cylinder mask 
method includes some part of both feeding arteries and draining veins 
necessarily. Unfortunately, other studies shows that all AVMs demonstrated a 
typical appearance with one or more enlarged feeding arteries, an appreciable 
nidus, and at least one readily identifiable draining vein. (34,35) As the arteries 
feeding the AVM increase in diameter to meet with the increased flow of blood, 
the stress on their walls causes them to either enlarge or deteriorate.  For this 
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reason, including some part of feeding arteries and draining veins inside the 
cylinder mask could be a hindrance for exact volume estimation. In contrast, 
AVM volume from the IVCM is less sensitive by enlarged arteries and veins 
relatively because a large portion of enlarged blood vessels can be removed by 
corresponding blood vessel structure on the other side.  
As we know from Table 5, the AVM volume shows exponential 
correlation to the maximum dimension of AVM nidus, and the volumes from 
both the cylinder mask and the inter hemisphere represent similar trend. One of 
the notable points is that several AVMs with similar size have significantly 
different volumes (Subject No.2 versus No.9), and its difference is over double. 
This example shows a limitation of Spetzler-Martin grade system clearly.  
 
In spite of its advantages, the inter-hemisphere volume comparing 
method still has weaknesses. As previously stated, the IVCM needs several 
assumptions for working successfully. First assumption is the both sides of 
hemisphere have same amount of blood. Because they cannot have same amount 
of blood practically, we included seven normal subjects to examine the difference 
between each other, and its results are significant. The mean volume difference 
between two hemispheres is only 1.44% of the whole brain volume. This 
 34 
numerical value would have rarely influence on the result among large (more 
than 6cm) AVM groups. However, in the small size (less than 3cm) AVM group, 
this difference may have great effect on their volume relatively. The second 
assumption is the subject has a single AVM lesion. According to Willinsky et al, 
multiple AVMs are found at rare, and its chance is approximately 4 out of 100. 
(36) The final supposition is the patient only has an AVM without any other 
lesion that can change the brain structure.   
Next issues related to segmentation limitations, specifically limitations 
resulting from using finite spatial resolution. If only a single tissue type is 
present in the voxel, the signal intensity will be characteristic of that tissue type. 
However, if more than one tissue type is present, the signal will be a combination 
of the contributions of the different tissues. This is known as the Partial Volume 
Effect (PVE).(37) The blood vessels smaller than a single voxel size may occur the 
partial volume effect. Their HUs of corresponding voxels will be shifted to 
another component’s area on histogram. Thus, it may be omitted from the 
intracranial blood volume. Higher spatial resolution is the solution of PVE. This 
problem is a chronic issue on the medical imaging, and it can improve by higher 
spatial resolution and the algorithms for partial volume effect correction. (38) 
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We used CTA images to measure AVM volume because CT is a primary 
imaging modality for evaluating AVMs due to fast scan time, higher spatial 
resolution and economic aspect in this study. However, our IVCM could be 
multi-applicable to MRA image. Although our results are based on the study of 
small number of normal and AVM patients, these initial results are very 
encouraging. We will need to examine a large number of subjects with a greater 
range of volume of AVMs, to find reliable quantitative clinical criteria. To 
evaluate the potential of this method for detecting and grading volume degree of 
AVM, patients with smaller volume will need to be studied in the future. This 
method may have some potential limitation if applied to subjects with small size 
of AVM, in whom the volume of blood inside the each side of brain are 
significant different inherently. 
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Conclusion 
 
In conclusion, this proposed method promises a more accurate estimation 
of the volume of AVM, and has a potential to predict the treatment outcome and 
replace the Spatzler-Martin grading system to estimate the size of AVM. This 
method provides a result of image-derived measurement that is very directly 
and accurately related to the volume of AVMs. As this new AVM volume 
estimation method does not require any special purpose hardware, it could be 
readily implemented on any conventional CT system; as it rapid to perform (less 
than 5 min), it could be readily incorporated in routine head CT angiogram 
examination. Thus, there is a significant potential for this method to have a 
beneficial impact on patient care. 
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